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A Toxoplasma strain that secretes Cre has been previously described 8 , but the released Cre did not efficiently enter host cells: only 1-2% of infected reporter cells showed evidence of Cremediated recombination. We engineered a fusion between Cre and toxofilin (Fig. 1a) , a rhoptry protein 3, 9 that is introduced into host cells during invasion 10 . We electroporated parental parasites with a plasmid encoding hemagglutinin (HA)-tagged toxofilin-Cre and a separate cassette for a drug-selectable marker 11 and selected clones by limiting dilution.
We confirmed appropriate organelle targeting of toxofilin-Cre in individual clones by immunofluorescence microscopy, for which we stained the parasites for the HA tag and ROP2/4, a wellstudied rhoptry protein (Fig. 1b) . We established the integrity of the fusion protein by probing western blots of whole parasite lysates using antibodies to HA (anti-HA; Fig. 1c ), which revealed a protein of the appropriate size (~65 kDa). As assayed with antibodies to toxofilin (anti-toxofilin), fusion-protein expression was approximately equivalent to that of the endogenous protein (data not shown). We selected a clone with all of these properties for characterization. We named this parasite strain secreted Cre, epitope-tagged (SeCreEt) strain. We describe a Toxoplasma gondii strain that will permit the use of site-specific recombination to study the host-parasite interactions of this organism. this Toxoplasma strain efficiently injects a cre fusion protein into host cells. in a cre-reporter cell line, a single parasite invasion induced cre-mediated recombination in 95% of infected host cells. by infecting crereporter mice with these parasites, we also monitored host-cell infection in vivo.
Toxoplasma secreting cre recombinase for analysis of host-parasite interactions
Site-specific recombination is a well-established system for genetically modifying targeted cells and has been used to spatially and temporally control the expression of selected genes. Sitespecific recombination should offer the same advantages to the study of intracellular pathogens as it does to the study of developmental or cancer biology 1, 2 . Engineered intracellular pathogens that introduce Cre into host cells would permit the use of sitespecific recombination to examine the consequences of removing specific host genes only in the infected cells. We sought to extend the use of the Cre-loxP system to studying the host-pathogen interactions of the eukaryotic parasite Toxoplasma gondii by creating a Toxoplasma strain that could inject Cre into host cells.
Toxoplasma is an obligate intracellular pathogen that has unique organelles, rhoptries and dense granules, which are known to secrete effector proteins into host cells during invasion [3] [4] [5] . It is a natural pathogen for mice, which, because of similarities in how the disease progresses, are also an excellent model for 
brief communications
To develop Cre-reporter cells, we transduced immortalized mouse fibroblast precursor cells with a retrovirus derived from a Cre-reporter plasmid (Fig. 2a) . The reporter cells constitutively express DsRed unless Cre-mediated recombination occurs, in which case enhanced GFP (eGFP) is expressed. We isolated clones stably expressing DsRed by fluorescence-activated cell sorting (FACS). To evaluate the efficiency and time course of Cre-mediated recombination by SeCreEt parasites, we synchronously infected Cre-reporter cells, fixed the infected cultures at 2, 4, 6, 10, 18, 24 and 34 h after infection and then examined the cells for eGFP fluorescence. SeCreEt parasites, but not parental parasites, triggered Cre-mediated recombination leading to eGFP fluorescence in infected reporter cells ( Fig. 2b,c) ; to confirm infection of cells, we stained the cultures with an antibody to the Toxoplasma surface protein SAG1 (anti-SAG1). Invasion by a single SeCreEt parasite, as defined by a single parasitophorous vacuole in the host cell, led to eGFP fluorescence in 95% ± 2% (s.e.m.; n = 3) of infected reporter cells 24 h after infection ( Fig. 2d) . We first noted eGFP fluorescence in ~13% of the infected cells 4 h after infection. As expected, percentage of fluorescent cells and fluorescence intensity increased over time until reaching a plateau at 18-24 h (Fig. 2d) . We observed no eGFP fluorescence in reporter cells incubated with heatkilled SeCreEt parasites, with the lysate of freeze-thaw ruptured SeCreEt parasites or with medium from cultured SeCreEt parasites (data not shown). We also did not detect eGFP fluorescence in reporter cells transfected with the toxofilin-Cre plasmid, in which toxofilin-Cre expression was driven by a Toxoplasmaspecific promoter (data not shown). Overall, these data suggest that live SeCreEt parasites introduced toxofilin-Cre at or around the time of invasion and that the fusion protein rapidly and efficiently produced Cre-mediated recombination in vitro. Notably, we also observed several fluorescent uninfected cells exclusively in the cultures infected with live SeCreEt parasites. This population of cells could result from some combination of abortive invasion events and cells that divided after infection (yielding one infected and one uninfected daughter cell). The origin of these cells will require further investigation.
To determine whether the SeCreEt parasites could be used to analyze host-parasite interactions in vivo, we used a Cre-reporter mouse line with a firefly luciferase gene in the Gt(Rosa)26Sor locus but with a floxed triple polyadenylation site between the firefly luciferase-coding region and the promoter 12 . As a result, luciferase expression should only occur after Cre-mediated recombination. We inoculated these mice intraperitoneally with live SeCreEt parasites, live parental parasites or a lysate of 3.2 × 10 6 freeze-thawed SeCreEt parasites. We then examined the mice daily by bioluminescence imaging, as previously described 13 . Infection with live SeCreEt parasites activated the luciferase as early as 5 d postinfection (d.p.i.), whereas infection with the parental strain or the freeze-thaw lysate never yielded a luciferase signal ( Fig. 3 and Supplementary Fig. 1) .
To determine whether the majority of the luciferase signal coming from the SeCreEt-infected mice was generated from parasiteinfected cells, we infected Cre-reporter mice with SeCreEt parasites that also expressed mCherry, collected the peritoneal exudate cells (PECs) at 7 d.p.i. and then separated infected (mCherry + ) from uninfected cells (mCherry − ) by FACS. As anticipated at this acute stage of the disease, ~60% of the PECs were infected, which we confirmed by using fluorescence microscopy to inspect the PECs before FACS analysis. Quantitative PCR analysis of cDNA from infected and uninfected cells revealed that the infected cell population expressed four times the amount of luciferase mRNA compared to the uninfected population ( Supplementary Fig. 2 ). The fact that we observed luciferase mRNA also in uninfected cells is consistent with the in vitro results described above and suggests that there may also be abortive invasion events and/or division of host cells after infection in vivo. Nevertheless, these results clearly indicate that the SeCreEt parasites also function effectively in vivo.
There are several advantages to using a secreted Cre-based system to investigate host-parasite interactions of Toxoplasma. First, Cre-mediated recombination leads to a permanent change in host cells, which is particularly germane for organisms such as Toxoplasma, which have prolonged latent states. Hence, once activated, the reporter gene will be expressed throughout the life of the host cell, allowing in vivo analysis of latent toxoplasmosis at any time point, even months or years, after invasion. Second, site-specific recombination allows the detection of miniscule amounts of Toxoplasma-derived effector proteins introduced into host cells 14 . Finally, the greatest advantage of the SeCreEt parasites may be their ability to conditionally activate or inactivate individual genes only in cells that have had intimate contact with Toxoplasma. This circumvents several problems: it allows the study of essential genes, deletion of which would otherwise lead to embryonic lethality, it circumvents unknown compensatory changes that may result from germline deletions even of nonessential genes and it restricts gene ablation to predominantly infected cells, which would remain challenging even in conditional or inducible knockouts. Thus, the role of a given host gene in the host-parasite interaction can be studied cell by cell.
There are, of course, limitations to this system. First, a small fraction of uninfected cells are permanently genetically modified, as described above. Second, we never achieved 100% in vitro recombination efficiency, even when we prolonged the length of time after invasion and increased the multiplicity of infection to 4 (data not shown). Third, an inevitable lag will exist between invasion, excision of the target gene and loss of its pre-existing product through decay. Hence, host processes that are launched immediately and irrevocably upon invasion (for example, signals detected by the innate immune system) may not be affected by the excision of the triggering gene. Even with these limitations, and in view of the large number of existing floxed cell lines and mice, the SeCreEt parasites are a highly efficient system for detecting infected host cells and for determining the function of a specific host gene in single infected cells in vitro and in vivo. online methods Parasite strains and plasmids. The parental strain used in this study was a type I laboratory strain (RH). All strains were propagated in human foreskin fibroblasts (HFFs). The base vector expressing an epitope-tagged toxofilin protein whose gene is driven by its own promoter was generated by standard cloning procedures 10 . PCR was used to amplify the Cre cDNA and add a sequence encoding SV40 NLS to the 5′ end and a sequence encoding a myc epitope tag to the 3′ end. Primers used are listed in Supplementary Table 1 . Standard cloning procedures, using the restriction enzymes Sfo1 and Pac1, were used to fuse this NLS-Cre-myc gene to the 3′ end of the sequence encoding toxofilin-HA. The resultant vector was then sequenced (Sequetech) to confirm that the toxofilin-Cre coding regions were fused in frame. The vector also contains a separate cassette for HPT, the expression of which allows the parasite to survive in complete medium supplemented with 50 µg ml −1 mycophenolic acid (MPA) and 50 µg ml −1 xanthine 11 . The parental parasites were electroporated with the toxofilin-Cre plasmid linearized upstream of the toxofilin-Cre expression cassette and subjected to several rounds of selection in MPA and xanthine before being cloned by limiting dilution.
Immunofluorescence assays. For immunofluorescence assays, cells were fixed with 2.5-3.5% (vol/vol) formaldehyde for 15-20 min. The cells were then permeabilized for 20-60 min with 0.1-0.2% (vol/vol) Triton-X 100 in PBS (pH 7.4), typically with 3% (wt/vol) BSA. After PBS wash, cells were blocked with 3% BSA PBS for 1 h and then incubated with primary antibodies (mouse anti-ROP 2/4 monoclonal 4A7, 1:1,000 and rat anti-HA, Roche clone 3F10, 1:500 for rhoptry colocalization studies or mouse polyclonal anti-SAG1, 1:10,000 for efficiency and time-course studies). Species-appropriate Alexa Fluor-conjugated secondary antibodies (Molecular Probes) were used. Coverslips were viewed with a 100× oil immersion lens on an Olympus BX60 upright fluorescent microscope. All digital images were obtained by using Image-Pro Plus and all images shown in a given figure and with a given color were obtained using identical parameters.
Western blot assay. Western blot analysis was done by standard methods using parasite lysates made from the parental strain or the SeCreEt strain and probed with primary antibodies (Roche; rat anti-HA, 1:2,500 or mouse anti-toxofilin polyclonal, 1:1,000) and an appropriate horseradish peroxidase (HRP)-conjugated secondary. The blot was then stripped and reprobed with an antibody to a surface protein of the parasites (mouse polyclonal anti-SAG1, 1:10,000), followed by an appropriate secondary antibody conjugated to HRP. Detection was done using SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific). 15 was created that contains LoxP sites flanking the Infection and analysis of Cre-reporter cells. Cre-reporter cells were trypsinized and plated on coverslips in 24-well plates at a density of 2 × 10 4 per well. The cells were allowed to settle and propagate for a day before infection. Toxoplasma strains were grown intracellularly in HFFs, syringe-released and counted on the day of infection. Then 2 × 10 4 parasites (either parental or SeCreEt parasites) were added to the coverslips, and invasion into the host cell was synchronized by using Endo buffer 17 . At appropriate time points after infection (0-34 h), the coverslips were fixed, stained and viewed as previously described above for immunofluorescence assays. Only host cells with a single invasion event, as indicated by a single parasitophorous vacuole were scored for eGFP fluorescence. Each experiment was repeated at least three times. For experiments with either heat-killed or freeze-thawed parasites, the same procedure as detailed above was followed except that after counting the parasites, 2 × 10 6 parasites were heat-killed (20 min at 50 °C) or 3 × 10 6 parasites underwent 3 cycles of freezing via a dry-ice ethanol bath and thawing at 37 °C. Conditioned medium was generated by removing the medium that had been bathing the growing intracellular parasites for 24 h and passing this through a 0.2-µm filter to remove any live parasites. To transfect the plasmid, standard molecular methods were used to obtain purified toxofilin-Cre plasmid, which was then transfected into the reporter cells using Lipofectamine (Invitrogen), according to the manufacturer's recommended protocol. As with live parasites, any killed parasites, conditioned medium or plasmid was placed directly on reporter cells grown on coverslips, and the cultures were then allowed to incubate for 24 h. The coverslips were fixed and viewed as previously described above for immunofluorescence assays.
Generation of Cre-reporter cells. A retroviral vector based on the Moloney murine leukemia virus-based vector (MFG)
Infection of Cre-reporter mice. Cre-reporter mice (FVB) were purchased from Jackson Laboratories (stock 005125). Toxoplasma strains were grown intracellularly in HFFs, syringe-released and counted on the day of infection. The parasites were diluted to appropriate inoculum sizes in sterile, serum-free PBS. For the freeze-thaw experiments, after the parasites were diluted to the appropriate concentration, they underwent freeze-thaw killing as described above. Mice were injected intraperitoneally (i.p.) with a total volume of 200 µl of the appropriate concentration and type of parasites. Mice were monitored 1 d before the inoculum and every subsequent day by bioluminescent imaging, as previously described 13 . In brief, mice were administered luciferin i.p. and then anesthetized with 2% isoflurane. Ten minutes after administration of luciferin, the mice were imaged both ventrally and dorsally for 5 min on each side with a Xenogen IVIS-200. The images were collected and analyzed by Living Image 2.50.1 software. The background cutoff for the images was 17,500 photons s −1 cm −2 sr −1 . This background cutoff is higher than previously described because when the Cre-reporter mice were imaged before infection, the background cutoff used for Balb/c mice (6,000 photons s −1 cm −2 sr −1 ) 13 did not eliminate all of the background signal. All mice used in this study were used with the approval of the Stanford University's Institutional Care and Use Committee.
